ferase ≥ 2.5 × upper normal limit) or liver disease (viral hepatitis, autoimmune hepatitis, hemochromatosis, or primary biliary cirrhosis).
Study design
This study was designed as a prospective, randomized, double-blind, placebo-controlled trial. This interventional trial was conducted at the hospital in the cities of Chuncheon and Seoul in Korea. The study protocol was approved by the ethics committee in each hospital separately (CSHH2011-64). It was also approved by the Korea Food and Drug Administration (KFDA) because the permitted daily drug dose of inactive oral vitamin D3 (cholecalciferol) in Korea is a maximum of 1000 IU (KFDA-11866). All subjects provided written informed consent (ClinicalTrials.gov number, NCT01854463).
A reasonable clinical ''rule of thumb'' is that the addition of 1000 IU of vitamin D3 daily can be expected to increase circulating 25(OH)D by approximately 10 ng/ mL [22, 23] . In our previous pilot study, 25 (OH)D levels of Korean T2DM patients were 8.8 ± 3.2 ng/mL in winter season (February) and 16.0 ± 6.0 ng/mL in summer season (August) [24] . Therefore, we chose 2000 IU of vitamin D3 as an optimal daily supplemental doses for study subjects considering the clinical "rule of thumb".
The following assumptions were used to determine the sample size. In our pilot study [18] which had similar protocol to this study except study period and dose of vitamin D, the mean HbA1c was 7.4% and standard deviation was 0.6%. Nikooyeh B et al. [20] showed the improvement of glycemic control about 0.4% with daily vitamin D containing 1000IU yogurt. We assumed that the effect size by vitamin D 2000IU intervention would be 0.3%. The assumption for statistical power of this study was 0.8 and type 1 error was 0.05. When we calculated the sample size with this assumption, sample size of each group was 64. We hypothesized the dropout rate as 0.2 during this study period. Therefore the participants of each group was nearly 80. For the recruitment of participants, we mailed to diabetic subjects registered at the hospital and private clinic in Chuncheon and Seoul. From November 2011 to February 2012, we screened 180 participants according to enrollment criteria. Randomization was performed within 1 month from the date of screening.
The participants were randomized to receive either 1000 IU of cholecalciferol (inactive vitamin D3) comNovember 2010 (Autumn) to April 2011 (Spring). In the study, we provided vitamin D 1000IU combined with 500mg of elemental calcium daily for 12 weeks to intervention group or placebo containing 500mg of elemental calcium. There was no statistically significant effect on glycemic control in seasonal vitamin D supplementation [18] . A recent study that used an ordinary dose of vitamin D (400 IU or 1200 IU) also failed to show any benefit in the parameters of glucose metabolism [19] . However, in another study which used vitamin D 1000 IU-fortified yogurt drink, either with or without added elemental calcium 300mg daily, improved glycemic status in T2DM patients [20] . Therefore, we designed another 24-week vitamin D supplementation study which increased the dose of vitamin D up to 2000 IU and reduced the dose of elemental calcium to 200mg daily. The aim of this study was to search for any glucose-lowering effect of vitamin D and its related mechanism in vitamin D-deficient or -insufficient Korean T2DM subjects.
methods

Subjects
We enrolled subjects with type 2 diabetes from two university hospitals during the winter and early spring season (from December 2011 to March 2012), the period of the lowest vitamin D levels in Korea. Ageing is related to decreased skin vitamin D synthesis and physical activity. HbA1c is subject to change by antidiabetic medication or lifestyle change, such as diet and physical activity. For minimizing these effects, we enrolled participants whose glycemic control were stable and who could continue their usual physical activity during the cold winter period. Enrollment criteria were as follow 1) vitamin D deficient or insufficient status: 25-hydroxy vitamin D [25(OH)D] levels less than 20 ng/mL [21] , 2) ambulatory participants, 3) aged 30 to 69 years, 4) hemoglobin A1c (HbA1c) < 8.5%, 5) unchanged anti-diabetic medication within 3 months before the study, and 6) normal calcium levels. Patients were excluded from the study based on the following criteria 1) subjects taking medications related to osteoporosis (estrogen, selective estrogen receptor modulator, bisphosphonate, vitamin D, or calcium) within 3 months before the study, 2) use of insulin within 1 month before the study, 3) acute myocardial infarction or stroke within 6 months, 4) abnormal liver function test (alanine aminotransferase or aspartate aminotrans-bined with 100mg of elemental calcium (vitamin D group) two times daily or placebo containing 100mg of elemental calcium two times daily (placebo group) for 24 weeks (Dalim BioTech, Korea) because vitamin D single compound drugs were not permitted by KFDA. The cholecalciferol and placebo tablets were identical in size, color, shape, and ingredients except the doses of cholecalciferol. The randomization was carried out in a 1:1 ratio without blocking using computer-generated random numbers in each hospital. The randomization code was kept in a sealed envelope until the final visit of the last participant. At baseline, 12±2, and 24±4 weeks, physical examination and blood chemistry were performed in all of the participants. The duration of diabetes and medications (antidiabetic, antihypertensive, statin, fibrate, and antiplatelet agents) of the randomized participants were checked. We identified the presence of retinopathy, nephropathy, and neuropathy.
We also evaluated daytime outdoor physical activity at baseline and at the end of the study. Outdoor physical activity was classified into day-time and 10:00 to 15:00 o'clock activity [25, 26] . Lifestyle was recorded in terms of smoking (current or past smoker), alcohol (current or past drinker), and exercise. When the participants exercised at least 3 times per week and at least 30 minutes per time, we defined it as regular exercise. The residence was divided into urban area, living in Seoul and rural area, living in Chuncheon. All of the participants were instructed not to change their previous lifestyle, including physical activity and sun-exposure. However, we educated all participants to eat vitamin D-rich diets sufficiently. Anti-diabetic drugs could be changed considering the glycemic state of the participants according to the judgment of their physicians.
Outcomes
The primary outcome of this study was to evaluate the glucose-lowering effect and mechanisms of vitamin D in vitamin D-deficient or -insufficient diabetic patients by measuring glucose, HbA1c, and homeostasis model of assessment -insulin resistance (HOMA-IR). We also searched the effect of vitamin D on renal, hepatic, and parathyroid function as secondary outcome.
Anthropometric and biochemical analysis
The body weight and height were measured while the subjects wore light clothing without shoes. The body mass index (BMI) was calculated as the weight in kilograms divided by the height in meters squared. Waist circumference was measured from the narrowest point between the lower borders of the rib cage and the iliac crest. Waist circumference ≥90cm in men and ≥80cm in women (International Obesity Task Force criteria for Asian-pacific population) was used to determine abdominal obesity [27] . The blood pressure was measured in the sitting position after a 10 minute rest period. Hypertension was defined over 140 mmHg in systolic pressure or 90 mmHg in diastolic pressure or using antihypertensive medications. Diabetic dyslipidemia was defined over 200 mg/dL of total cholesterol or over 150 mg/dL of triglyceride or less than 40 mg/dL (50mg/dL in females) of HDL-cholesterol or statin or fibrate therapy. Diabetic retinopathy was defined by abnormal fundoscopic findings. Diabetic nephropathy was defined by urinary albumin excretion over 30 mg/day or 30 mg/g creatinine on a random urine sample. Diabetic neuropathy was defined by neurologic symptoms.
Blood samples were drawn after an overnight fast and immediately centrifuged for plasma glucose measurement. We used glucose hexokinase method (Hitachi Automatic Analyzer 7600, Hitachi Co, Tokyo, Japan) for glucose measurement. HbA1c was measured by high-performance liquid chromatography (HPLC) method (Bio-Rad VARIANT II TURBO, Hercules, CA, USA). Insulin was measured using a electrochemiluninescence immunoassay method (Roche, Germany). HOMA-IR is calculated using the following formula; fasting glucose (mg/dL) x fasting insulin (µU/ mL) / 405 [28] . The serum calcium, creatinine, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were also measured. The serum 25(OH) D was measured using a direct competitive chemiluminescence immunoassay (DiaSorin Liaison, Stillwater, MN, USA). Vitamin D deficiency was defined as a 25(OH) D of less than 10ng/mL. Vitamin D insufficiency was defined as a 25(OH) D of 10.0-19.9ng/ mL [21] . The target levels of 25(OH)D in intervention group was over 32 ng/mL [29] . The serum intact PTH was determined using a chemiluminescence immunoassay (Beckman Coulter, USA).
Statistical analysis
The statistical analysis was performed using SPSS 12.0 software (SPSS Inc, Chicago, USA). The results are expressed as the mean ± standard deviation (SD) or numbers (percentages). In the data for the skewed distributions, the data are expressed as the DM duration, hypertension, dyslipidemia, diabetic complication (retinopathy, nephropathy, neuropathy), regular exercise, history of alcohol and smoking, DM duration, baseline HbA1c, HOMA-IR, outdoor physical activity were selected as confounding factors. A P value less than 0.05 was considered significant.
Results
180 subjects with T2DM were screened. We randomized 158 participants who met the inclusion and exclusion criteria into a placebo (n=79) or vitamin D group (n=79). Of the 158 randomized participants, 29 were excluded from the analysis: withdrawal of consent (n=2), follow-up loss (n=1), change of anti-diabetic drugs (n=13), and lack of compliance (taking less than 80 % of the study medication doses, n= 13). We analyzed the data of 129 participants (placebo group=65, vitamin D group=64) who followed the protocol completely (Fig. 1 ). median and interquartile ranges. We analyzed the data of participants with good compliance, who took more than 80% of the doses of the study drug and did not change anti-diabetic drugs. Between groups, comparisons were performed using two-tailed Student's t-tests. Categorical variables were compared using the chi-squared test. In the skewed distribution, statistical analysis was performed after logarithmic transformation of the data. In the results of the nationwide Korean vitamin D insufficiency study, predictors independently associated with vitamin D insufficiency were age, sex, body mass index, season, regular walking, and regular exercise [3] . A correlation analysis between vitamin D levels and possible related factors was performed after adjustment for intervention group. In this analysis, we included age, sex. BMI, WC, and outdoor physical activity as related factors. The effect of vitamin D on glycemic control was analyzed using logistic regression analysis after adjusting for confounding factors. Age, sex, residential region, BMI, abdominal obesity, In the baseline characteristics of the randomized participants, the mean age of the participants was midfifties and mean 25 (OH) D levels were about 10 ng/ mL. Of the randomized participants, 54% were in a state of vitamin D deficiency. While the two groups were well matched in diabetes duration, fasting glucose, HbA1c, vitamin D levels, PTH, outdoor physical activity, oral anti-diabetic medication, and lifestyle (Table 1) , there were marked differences in gender proportion within each group. So we compared some baseline data between men and women. In the baseline vitamin D levels, there were no differences between genders ( Table 2) .
After the completion of the 24-week intervention, the 25(OH) D levels reached 15.6 ± 7.1 ng/mL and 30.2 ± 10.8 ng/mL in the placebo and vitamin D groups, respectively (P<0.001). In the placebo group, only 4.6% (n=3) participants had a target level of 25(OH)D (over 32 ng/mL), but in the vitamin D group, 43.8% (n=28) reached the target levels of 25(OH)D (P<0.001). 25(OH)D levels of males were higher than that of females (17.4 ± 7.8 ng/mL vs 13.1 ± 5.1ng/ mL; P=0.017) in placebo group. The pattern was similar in intervention group (33.8 ± 10.9 ng/mL vs 27.0 ± 9.7ng/mL; P=0.011) (data not shown). There were no differences in outdoor physical activity, including activity from 10:00 to 15:00 hour. Although 25(OH)D levels were significantly higher in the vitamin D group than the placebo group, there was no difference in HbA1c (7.27 ± 0.87% in the placebo group vs 7.40 ± 0.90% in the vitamin D group; P=0.415). In the safety profiles, no participants experienced elevation of creatinine or aminotransferase. The serum calcium level was stable, but the suppression of PTH levels during the intervention were significantly greater in the intervention group than in the placebo group (-5.5 ± 9.8 pg/ mL vs 1.4 ± 15.3 pg/mL, P =0.003) ( Table 3) . Table 4 shows the correlation analysis of final 25(OH)D levels with other related variables in the study populations. After adjusting for the intervention group, age, sex, and outdoor physical activity were correlated with 25(OH)D levels. In the logistic regression analysis, glycemic control was not affected by 25(OH) D levels after adjusting for related variables, such as age, sex, BMI, DM duration, baseline HbA1c, lifestyle, (alcohol, smoking, and regular exercise), HOMA-IR, and outdoor physical activity (Table 5) . [12] and insulin action [13, 14] , as well as components of inflammation [34, 35] and all of these may have an influence on insulin resistance (IR) and development of T2DM. Vitamin D may modulate the local pancreatic islet renin-angiotensin system (RAS) whilst improving islet beta cell secretory function and prevents or can correct induction of RAS component production under conditions of metabolic stress in vitro studies [36, 37] .
There is extensive epidemiologic evidence to strongly suggesting a link between vitamin D deficiency and the development of T2DM [9, 10, 11] . Sunlight during physical activity might be a confounding factor that relates vitamin D and diabetes. In these observational studies [9, 10, 11] , they took into consideration the synthesis of vitamin D from skin by correcting for season, outdoor physical activity, and lifestyles. Despite careful adjustments for possible confounders including physical activity, residual confounding factors might be influenced on the relation between diabetes and vitamin D levels [38] . In addition, seasonal variations in vitamin D levels cannot be considered in a cross-sectional study. To overcome these limitations in the epidemiologic studies, several interventional trials were performed to evaluate the effect of vitamin D supplementation in non-diabetic, insulin-resistant subjects [29, 39, 40, 41, 42] . von Hurst et al. [29] supplemented 4000 IU of daily vitamin D3 in insulin resistant south Asian women for 6 months. Significant improvements were seen in insulin sensitivity and IR (P = 0.003 and 0.02, respectively), and fasting insulin decreased (P = 0.02) with supplementation compared with placebo. IR was most improved when endpoint serum 25(OH) D reached > or = 32 ng/mL [29] . But in the other trials which supplemented vitamin D3 from 600 to 7000 IU daily or 88,865 IU weekly, there were no amelioration of glucose metabolism, insulin secretion, or inflammatory markers despite the achievement of nearly 70 ng/ mL in 25(OH)D levels [39, 40, 41, 42] . In our study, IR was not improved by vitamin D supplementation. Some studies have evaluated the glucose-lowering effect in T2DM [43, 44] , but in most trials including T2DM, the primary outcome of the study did not evaluate the long-term glycemic effect, such as the effect on HbA1c. In one pilot study investigating HbA1c, vitamin D (1200 IU daily) was found to play no role in glycemic control because the doses were not sufficient to achieve target levels(at least >32 ng/mL) of 25(OH) D [19] . Jorde et al. also supplemented higher doses of cholecalcifierol (40,000 IU per week) for 6 months for
Discussion
In this study, we evaluated the effect of 24-week, high-dose vitamin D supplementation on glycemic control in vitamin D deficient or insufficient Korean T2DM patients. Although high-dose vitamin D supplementation was very safe and effective in the achievement of vitamin D sufficiency and suppression of PTH levels, there was no effect in glycemic control in T2DM.
Vitamin D is a well-known hormone that plays an important role in bone and calcium metabolism [8] . Its deficiency is related to rickets in children and osteomalacia in adults. The main sources of vitamin D are cutaneous synthesis and dietary ingestion [4, 5] . The contribution of dietary intake in serum vitamin D levels is small [6, 7] . Therefore, the concentrations are mainly synchronized to sun-exposure or outdoor physical activity. Nowadays, vitamin D deficiency is very severe and common all over the world [1, 2] . In Korea, nearly half of people are in a state of deficiency or insufficiency. The risk factors of vitamin D deficiency in Korea are young age groups, females, winter and spring seasons, living in an urban area, and indoor occupations [3] . In our study populations, age and outdoor physical activity were positively correlated with vitamin D levels. There are significant differences in serum 25(OH)D levels between male and female. Dong et al. [30 ] showed that 25(OH)D levels were inversely related to BMI, waist circumference, total fat mass, and percentage of fat mass. In general, female has more adiposity than male. Increased clearance of 25(OH)D due to storage in adipose tissue might cause decline in 25(OH)D concentrations in females. Female has also less physically active lifestyle. These anthropometric and lifestyle characteristics might cause gender differences in 25(OH)D levels. In our study, during the winter and early spring, the baseline 25(OH)D levels between genders were well-matched. However, in summer and early autumn, there were significant differences in vitamin D levels. It shows that physical activity during this period deeply affects the levels of vitamin D. The recognition of nonhormonal, intracrine, and paracrine action of vitamin D and its metabolites caused explosive interest in the role of vitamin D [31] .
In many epidemiologic studies, vitamin D deficiency has been linked with cardiovascular risk factors, including diabetes [32, 33] . In terms of T2DM, vitamin D and its metabolites appear to have important effects on insulin secretion via pancreatic islets the lowest period of vitamin D levels in Korea. In some participants of this trial, vitamin D might be sufficient in other seasons. This might have diminished the differences in glycemic control between the groups by the vitamin D supplementation. Second, only 44% of the subjects in the vitamin D group reached target levels of vitamin D irrespective of the sampling time in the summer and early autumn, the highest period of vitamin D levels in Korea. Third, the results may also have been confounded by the coadministration of calcium because the KFDA has only approved compounds that combine oral vitamin D3 and calcium. And finally, this research was started from winter and early spring and ended a half year later. During this study period, gradual increase of serum 25(OH)D due to the increase of ultraviolet radiation, which might diminish the efficacy of supplemental oral vitamin D.
This trial shows that use of high-dose vitamin D has no meaningful effect on long-term glucose control and IR in patients with T2DM. This study also suggests that vitamin D supplementation cannot be recommended for the treatment of T2DM in vitamin D-deficient or -insufficient patients. Intervention trials for severe vitamin D-deficient subjects, much higher doses of vitamin D, and long-term period more than 1-year should be followed to determine which subjects may experience a beneficial effect from vitamin D supplementation in T2DM. 
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T2DM patients but without vitamin D deficiency, there were also no benefits in the fasting glucose and HbA1c [43] . In a vitamin D-fortified yogurt trial which supplemented vitamin D 1000 IU combined with or without calcium for 12 weeks in T2DM patients, HbA1c was improved but the effect was mediated by the loss of waist circumference and BMI [20] .
In this intervention trial, we evaluated the glucoselowering effect of 2000 IU vitamin D3 supplementation for 24 weeks. We screened participants during the period of the lowest vitamin D levels considering seasonal variation in vitamin D. All of the participants were in a state of vitamin D deficiency or insufficiency. After the completion of the 24-week study, nearly 44% of the participants in vitamin D group had reached the target levels, but in placebo group, only 4.6% reached the target levels of 25(OH)D (>32 ng/ mL). While hypercalcemia did not develop in this trial, the suppression of PTH was significantly greater in the vitamin D group than in the placebo group. It has also been hypothesized in some studies that PTH and osteocalcin mediate glucose metabolism [16, 17] . PTH may induce insulin resistance by the suppression of insulin signaling of adipocytes in hyperparathyroidism [16] . Vitamin D stimulates osteocalcin, an osteoblast-derived bone turnover marker, which may mediate beta-cell proliferation, insulin secretion, and insulin sensitivity [17] . Although PTH was suppressed significantly in the vitamin D group, there was no improvement in long-term glycemic control in this trial.
This trial has some strengths and limitations. For the exclusion of vitamin D synthesis from the skin in participants, we enrolled participants whose physical activity was normal, and checked that outdoor physical activity was comparable in the two study groups. We also excluded the participants whose anti-diabetic medications were changed during the study period for the control of the drug effect in glycemic control. However, this study has several potential limitations. First, we enrolled subjects in the winter and early spring season,
